Carbon-ion radiotherapy has been used to treat more than 9000 cancer patients in the world since 1994. Spreading of the Bragg peak is necessary for carbon-ion radiotherapy, and is designed based on the linear-quadratic model that is commonly used for photon therapy. Our recent analysis using in vitro cell kills and in vivo mouse tissue reaction indicates that radiation quality affects mainly the alpha terms, but much less the beta terms, which raises the question of whether this is true in other biological systems. Survival parameters alpha and beta for 45 in vitro mammalian cell lines were obtained by colony formation after irradiation with carbon ions, fast neutrons and X-rays. Relationships between survival parameters and linear energy transfer (LET) below 100 keV/μm were obtained for 4 mammalian cell lines. Mouse skin reaction and tumor growth delay were measured after fractionated irradiation. The Fe-plot provided survival parameters of the tissue reactions. A clear separation between X-rays and high-LET radiation was observed for alpha values, but not for beta values. Alpha values/ terms increased with increasing LET in any cells and tissues studied, while beta did not show a systematic change. We have found a puzzle or contradiction in common interpretations of the linear-quadratic model that causes us to question whether the model is appropriate for interpreting biological effectiveness of high-LET radiation up to 500 keV/μm, probably because of inconsistency in the concept of damage interaction. A repair saturation model proposed here was good enough to fit cell kill efficiency by radiation of wide-ranged LET. A model incorporating damage complexity and repair saturation would be suitable for heavy-ion radiotherapy.
INTRODUCTION
Carbon-ion radiotherapy started in 1994 at the National Institute of Radiological Sciences in Chiba, Japan, and since then more than 9000 patients have been treated with this therapy in the world [1] . Bragg peaks are spread out and provide various LET values along the beam path. Physical dose within the Spread-Out Bragg peak (SOBP) is designed to produce 10% cell kill of the human tumor cell line HSG at any position within a SOBP so that the biological effectiveness will be uniform [2] . It should be noted that a local effect model [3] is being used to design the SOBP in Germany and Italy. A new ridge filter was recently designed based on mouse skin reaction, and it was found that the physical dose distribution required to uniformly cause a given skin reaction score was the same as that required to produce 10% cell kill of HSG cells [4, 5] . The dose range used for the 10% cell kill is~6 Gy, whereas that for skin reaction is almost 10 times larger, i.e.~50 Gy, after photon irradiation. Hence, the question arises as to why the same ridge filter could produce uniform effects for different cell/tissue responses, despite the fact that relative biological effectiveness (RBE) of high-LET radiation is not constant and depends on biological endpoints, dose size and survival levels as well. When the survival parameters (alpha and beta) in the linear-quadratic (LQ) model used to design the ridge filter were compared between HSG cells and mouse skin reaction, the alpha terms of the cell and the tissue increased linearly with LET, while this increase was not commonly detected for the beta terms. This implies that radiation quality affects mainly alpha terms, but much less the beta terms. These two parameters expressed as alpha/beta ratios have been extensively studied for various tumors and normal tissues in animals and patients [6] to develop new treatment planning in photon therapy. Chapman reports that the variation in alpha values after irradiating 10 human tumor cell lines with photons is large (60-fold), while that in square-root of beta values is quite small (0.27-fold) [7] . Therefore, the significance of beta terms is smaller than that of alpha, but the reason is unknown.
We here collected alpha and beta values of photons and compared them with those of high-LET beams, including carbon ions and fast neutrons, for various mammalian cell lines in vitro and tissue responses in vivo. Analyzing LET dependency of thus-obtained alpha and beta values revealed contradictions with expectations based on common interpretations of the LQ model and therefore called into question its appropriateness for describing cell kill efficiencies of high-LET carbon ions up to 500 keV/µm. A repair saturation (RS) model would instead be appropriate to use for describing lethal effects induced by a wide range of high-LET irradiation.
MATERIALS AND METHODS

Data collection
Survival parameters, including alpha, beta and the radiation dose required to produce 10% surviving fraction (i.e. D10), were collected from either published papers [5, [8] [9] [10] or unpublished data. Colony formation after single doses was used for in vitro cell killing. Survival data were fitted to the linear-quadratic formula to obtain parameters of alpha and beta. RBE was calculated by comparing isoeffect-doses to produce 10% survival between 200 kVp X-rays and the test ions. For in vivo irradiation, C3H female or male mice aged between 10 and 18 weeks were used for skin reaction or tumor growth delay assays, respectively. They were raised under specific pathogen-free conditions prior to irradiation. Right hind legs were locally irradiated either~7 days after transplantation of NFSa fibrosarcoma cells or~5 days after hair removal by applying a depilatory [4, 11] . For foot skin reaction, no pretreatment was applied prior to irradiation [12] . The animals involved in these studies were procured, maintained and used in accordance with the Recommendations for Handling of Laboratory Animals for Biomedical Research, compiled by the Committee on the Safety and Handling Regulations for Laboratory Animal Experiments, NIRS, Japan.
Radiation
Reference radiation
For photon irradiation of cultured cells, 200 kVp X-rays were used. Cells were seeded in 25-cm 2 flasks (Nalge Nunc International, Rochester, NY, USA) and incubated for~2 days before irradiation. For local irradiation of mice, 137 Cs gamma rays were used. Five mice were anesthetized with pentobarbital prior to and during irradiation. Doses to mice were given either once a day or fractionated over up to 6 days.
High-LET radiation
Carbon-12 ions were accelerated by either the HIMAC synchrotron, the medical cyclotron at the National Institute of Radiological Sciences (NIRS), Chiba, or the Riken ring cyclotron at Wako, Japan. Exposures were conducted using horizontal carbon beams with a dose rate of~3 Gy/min. The LET of 290 MeV/u carbon ions obtained by the HIMAC synchrotron was 14 keV/µm at the entrance of a mono-peak and 6-CM SOBP. The depth position along the irradiation path was adjusted by a polymethyl methacrylate range shifter so that various types of LET could be selected to use. For in vivo irradiation, the irradiation fields were defined by use of an iron and a brass collimator. Doses were given in the identical ways to those used in the reference radiation. Fast neutrons were obtained by bombarding a thick beryllium target with 30 MeV deuterons by the NIRS cyclotron. Their LET is 30 keV/μm [12] .
Assay
A colony formation assay was used for in vitro cultured cells. For human cells,~14 days of post-irradiation incubation was carried out in a 5% CO 2 incubator at 37°C for either~10 or~14 days for rodent or human cells, respectively [5, [8] [9] [10] . For in vivo tissues, the following three assays were applied to the corresponding tissues. First: either tumors or skin were irradiated with daily fractionation. Second: tumor growth delay was obtained by measuring diameters of a tumor every other day for at least 4 weeks [11] . Third: skin reaction was scored from the eighth day after irradiation and measured till at least the 35th day [13] . Fe-plots of isoeffect doses after fractionated irradiation were used for in vivo tissue reactions [14] . Fourth: the TD50 assay was employed to determine cell survival down to~10 −7 . Transplanted tumors growing in syngeneic C3H mice were irradiated with 30 MeV fast neutrons and shortly thereafter removed to make single cell suspensions. Tumor take probabilities were determined after the 2-month observation, and used to calculate surviving fractions after irradiation [15] .
Models used for data fit
Cell survivals obtained by colony formation were fitted by either the LQ model or a RS model newly proposed here. These days, models of radiation cell kill can be divided into two categories, depending on their explanation of the curvature of the dose response. One is based on the assumption that lesions produced by radiation interact, or combine, with each other to form other lesions that are lethal to the irradiated cells [16] . This lesion interaction is hypothesized by the theory of the dual radiation action LQ model, the repairmisrepair (RMR) model, the lethal-potentially lethal (LPL) model and the more recent giant loop binary lesion (GLOBLE) model [17] . Another category corresponds to a RS mechanism originally proposed by Calkins [18] , who hypothesized that a model incorporating repair enzyme kinetics fits well fits to survival of Tetrahymena after X-ray irradiation. A RS model hypothesizes that a cell possesses a pool of chemical compounds that can protect the target molecules [16] . The pool is depleted by increasing the dose, and the cell becomes more radiosensitive. Goodhead applied a simple form of RS model to explain the shouldered survival curves of mammalian cells [19] . His model premises are that repairable radiation lesions are produced by one-track action alone, and that the curvature (shoulder) of cell survival data represents movement of repair kinetics from an unsaturated to partially saturated state of damage. A concept of two-track interaction or sublethal damage, which is commonly presumed in LQ models, is not included in such a RS model, although hybrid models could be formulated. The RS model proposed by Goodhead [19] is:
where S is the surviving fraction of the cell population, D is the dose, a is the proportionality constant for initial yield of substrate lesions that can be repaired by the saturable-repair molecules, p is the proportion of these lesions that would lead to cell death if not repaired, c0 is the pool size of repair molecules, and k is a rate constant. The constant a is implicitly dependent on radiation quality. Goodhead recognized that, in addition, a radiation-qualitydependent dose-linear term may be required for lesions that are not repairable by the saturable system, but this was not incorporated into the formalism he presented, even though he predicted his model could explain LET-dependent increase/decrease for RBE of high-LET radiation. Once we applied his simple one-parameter model formalism to the present survival data obtained after irradiation with carbon ions up to 500 keV/μm, we found that fitness of survival curves were not satisfactory at large doses. To overcome this, we have instead reformulated the model equation to incorporate a current concept of complex DNA damage. We considered that the constant a was valid, but a concept of a fixed pool size c0 was not appropriate for high-LET radiation. We hypothesized that repairability depends on two factors; (i) pool size of repair molecules and (ii) magnitude of damage complexity. Therefore, we here propose the following new RS model to the in vitro cell killing data for carbon ions. The model used here is:
where S.F., r, a and d are surviving fraction, repairability (arbitrary units), damage complexity and dose, respectively. In carrying out our fitting to the model we have used the average LET of each beam as the parameter to specify its quality. We recognize the limitations of LET as a unique specification, because the beams are not precisely mono-energetic and so contain a distribution of LET values, and also because it is well established that particles of different mass but the same LET have different track structures [20] and so can result in differences in RBE. Nevertheless, LET provides the best first approximation for exploration of the models.
Statistical analysis
Slopes of LET-alpha and -beta terms were statistically analyzed by Student's t test. When P values for the one-tailed distribution were <0.05, we treated the intergroup difference as significant.
RESULTS
A total of 45 cell lines were irradiated with single doses of either high-LET beams or reference photons. Table 1 shows survival parameters and D10 values for each cell line (Table 1) . We here treated three cell lines of HMV-I, HSG and SQ-5 as individual cases and used their original names, even though they were recently reported as cross-contaminated with HeLa cells [21] . Alpha values for X-rays ranged from 0. (Fig. 1) . A clear separation between X-rays and high-LET radiation was observed for alpha values, so that the cumulative incidence for high-LET radiation apparently shifted to the right of that for X-rays. On the other hand, the cumulative incidences of beta values were almost the same for X-rays and high-LET radiation, indicating that increase in LET does not change the range of beta values from those of Xrays. The cumulative incidence of alpha/beta ratios for X-rays shifted to the right when cells were irradiated with high-LET radiation, although the shift was less prominent than that observed in alpha values. We then studied relationships between LET and survival parameters. For this analysis, the following cell lines were used: HSG human salivary gland tumor, T1 human kidney cell, NHDF normal human dermal fibroblasts. Figure 2a shows that alpha values increase with increasing LET up to <100 keV/μm for each of the cell lines. The slope difference between HSG cells and other cells was statistically significant for all alpha and beta, except beta of T1 cells. Similarly, the LET-dependent increase in the alpha term was also observed for in vivo tissue early response, including mouse skin reaction and tumor growth delay (Fig. 2b) . Slope difference between foot skin after monopeak radiation and other tissues was not significant for any alpha and beta. For beta values, T1 (P = 0.0001) and NHDF (P = 0.0015) cells clearly show an increase with increasing LET, while independence of LET was shown for HSG cells (P = 0.096) and V79 (P = 0.398) cells (Fig. 2c) . This varying LET dependence of beta was also observed for tissue response such that, for skin reaction, beta increases with an increase in LET (P = 0.067, monopeak foot; P = 0.003, SOBP foot; P = 0.082, SOBP leg) while for tumor growth delay, beta was independent of LET (P = 0.25) (Fig. 2d) .
The above-stated results raise a fundamental question as to why LET strongly affects alpha terms but not beta. It is now generally accepted that high-LET radiation induces complex clustered damage Continued to DNA, particularly complex double-stranded breaks (DSBs) [22] [23] [24] [25] , which are less repairable by either non-homologous endjoining or the homologous recombination pathway [26] . Throughout this paper, 'clustered damage' to DNA is intended to refer only to damage at the nanometer level of the DNA molecule, mostly extending over not more than one or two helical turns of the DNA, in accordance with the original usage of the term in the references cited. It is not intended to include correlated or associated damage that may occur, from either single-or multi-track action, to more distant parts of the same DNA molecule, hundreds, thousands or millions of base-pairs away, which have also sometimes been referred to in published literature as 'clustered damage'. It is very strange that clustered damage to DNA affects only alpha terms, dominant at low doses, but does not much affect beta terms at high doses, while the proportion of complex clustered DNA damage, relative to more simple damage, should be induced in cells irrespective of dose size since it is produced by individual radiation tracks. If, in accordance with current knowledge, the total yield of DSBs increases with LET, the (a) (b) (c) Table 1 are used to compare between low-and high-LET radiations. Horizontal scales are alpha (a), beta (b) and alpha/beta ratio (c). The vertical scale is the cumulative incidence of each parameter. Colors red and black are for photons and ions, respectively. Left panel is for alpha, middle for beta and right for α/β ratio, respectively. proportion of DSB that are complex increases with LET, the degree of complexity of the complex DSB increases with LET, and/or if complex DSB are more persistent and more likely to be misrepaired, one might expect the beta term to be increased (according to the square of the initial yield of the relevant sublesions in the simplest sublesion-interaction models) as the LET increases, as well as the alpha term being increased. This raises a fundamental puzzle or contradiction in common interpretations of the LQ model. For further investigation, the new RS model was fitted to the in vitro cell killing data for carbon ions. As shown in Fig. 3 , survival curves fitted by the RS model are indistinguishable from those fitted by the LQ model. After fitting to all survival data obtained after various LET of carbon ions up to 500 keV/μm, survival parameters of the RS model (i.e. r and a) were compared with those of the LQ model (alpha and beta). LET dependence of either damage complexity or alpha is observed for HSG cells and V79 cells (Fig. 4a and b) . Both a and alpha values increase with an increase in LET up tõ 150 keV/μm, reach a peak, and then decrease with further increase of LET. The peak position for HSG cells locates at marginally lower LET for the RS model than the LQ model, while the peak for V79 cells seems higher for the RS model than for LQ. The alphaparameter of the LQ-model is much more sensitive than the On the other hand, the repairability parameter (r) of the RS model shows LET dependence substantially different from that of the beta parameter of the LQ model (Fig. 4c, d , e and f). The r values of either HSG or V79 cells decrease with an increase in LET up to~150 keV/μm, over which r values stay at~0, while the beta values do not depend on LET up to 500 keV/μm staying around zero. It is noticed that V79 cells show larger r-values than HSG cells for low-LET radiation. When plotted against survival parameters, the RBE values of HSG cells increase linearly with an increase in either a or alpha values; the latter shows a shallower slope than the former (Fig. 5a) . The RBE values of HSG cells decrease with an increase in either r or beta values; a steeper slope is observed for the latter than the former (Fig. 5b) . RBE for V79 cells also increases with an increase in a and alpha. However, in contrast to HSG cells, the slope of increase is steeper for alpha than for a (Fig. 5c ). RBE decreases with an increase in r, while beta shows a narrow range of decrease (from −0.0011 to 0.255 Gy ) such that almost no dependence on beta is apparent graphically (Fig. 5d) .
Whether and how well the two models fit to cell survival fractions right down to 10 −7 was studied for the NFSa tumor. Figure 6 compares the two models. Either the RS or the LQ model fits well to all surviving fractions, even though the correlation coefficients for the LQ model are slightly larger (0.83 for neutrons, 0.84 for gamma rays) than those for the RS model (0.75 for neutrons, 0.76 for gamma rays). Surviving fractions at the 50% tumor control probability (TCD 50 ) were calculated by using the two models; TCD 50 values after fast neutrons and gamma rays were 28.2 Gy and 83.2 Gy, respectively [15] . Surviving fractions at TCD 50 of gamma rays were calculated as 0.58 × 10 −8 and 1.48 × 10
, according to the LQ and RS models, respectively, while corresponding fractions for fast neutrons were 1.14 × 10 −8 and 3.05 × 10
. Therefore, the RS model results in three times higher survival fractions than the LQ model.
DISCUSSION
We analyzed cell-killing data obtained after irradiation with high-LET carbon ions, and compared between two cell survival models for fitting of these data. Results were that either model fits the cell survivals well, but some differences between them were observed. The most prominent difference was in interpretation of the underlying damage process as having dose-squared or dose-linear dependence and the choice of appropriate parameter to use. The RS model used here is based on Michaelis-Menton kinetics [27] . The kinetics is, in short, based on simple reaction between substrate and enzyme such that the velocity of reaction depends on the concentrations of substrate and available enzyme. When substrate concentration is low enough, the enzyme reacts effectively with 100% of the substrate. If the substrate is increased and depletes the enzyme concentration, some or all of the substrate remains unmodified at later times. For radiation-induced cell killing, substrate and enzyme could be replaced by radiation-induced damage and the cell's repair machinery, respectively. Increase in residual damage corresponds to decrease in surviving fraction, while concentration of initial damage corresponds to radiation dose [19] . The present RS model was made by modifying Goodhead's original 1985 model. His model included a single parameter, a, for proportionality of initial damage with dose, with a being implicitly for radiation quality. The pool size of repair molecules, 'c', in his model was constant for a given cell system and not fitted as a variable. His model fitted well simultaneously to hard and carbon ultrasoft X-ray data [19] , but it was not applied to data for a wide range of LET, such as those used in the present study. He suggested that to do so would require an additional dose-linear radiation-quality-dependent term for different damage that was not substrate for the saturable repair system. As curve-fitting using his simple one-parameter model to the present high-LET radiation was not satisfactory (data not shown), we modified his model so that the 'c' in his 1985 model was changed to become a variable. That is because efficiency of repair machinery would be limited by damage complexity that depends on radiation quality, even though its pool size is constant. Knowledge of the nature and repair of DNA-DSBs by year 1985 was substantially less than it is today. From earlier biophysical analyses, it had been hypothesized that the increased RBE of high-LET radiations was due primarily to their efficiencies at creating more substantial ionization clusters on the scale of the DNA helix [28] , leading to the concept of clustered DNA damage (also sometimes known as locally multiple damage sites (LMDA) [28] . It was proposed that final cellular effects from high-LET radiations are dominated by their more severe, and therefore less repairable, complex clustered damages, and that these can be qualitatively different from the less-complex clustered damage that dominates low-LET effects [29] . Clustered damage is a unique class of DNA lesions that includes two or more individual lesions within one or two helical turns of the DNA (illustrated in reference [25] ). These elementary lesions can be strand breaks, abasic sites (apurinic/ apyrimidinic sites or APs) or damaged bases (oxidized purines or pyrimidines) [30] . Unrepaired clustered DNA lesions, particularly complex DSBs, induce chromosome breakage in human cells [31] . Within recent decades, molecular mechanisms involved in repair of radiation damage have been clarified such that two pathways to repair radiation-induced DNA-DSBs have been identified in mammalian cells [32] . Non-homologous end-joining works mainly during G1and S phases, while homologous recombination does so in late S and G2 phases. Photon radiation induces predominantly relatively simple DNA-DSBs, while more complex damage is caused by high-LET radiation [23, 33] . Using foci made by replication protein A (RPA) as an indicator of DSB resection, Averbeck et al. report that severity of complex damage increases with LET higher thañ 150 keV/μm in G1 or S/G2 mammalian cells [34] . This report agrees with the present results that repairability decreased with an increase in LET up to~150 keV/μm, reaching a minimum of zero (Fig. 4c, d) . Also, the decreasing portion in the LET versus a (or the LET versus alpha) relation (Fig. 4a and b) would be due to overkill.
The LQ model was proposed by Kellerer and Rossi in 1972 [35] . They hypothesized that RBE of various ionizing radiations is proportional to the square of the local energy concentration within micrometer-scale regions, due to both single and pairs of radiation tracks. This model was further advanced by Hawkins in 1996 [36, 37] . He claimed that cellular processes that repair the primary lesions or convert them to lethal lesions are unaffected by LET, and beta values of high-LET neutrons do not differ from those of photons. In reasonable agreement, the present study showed that beta is essentially independent of LET, while alpha apparently depends strongly on LET. However, the question is: if high-LET radiation induces complex DNA-DSBs that are more difficult to repair, why is the induction of such complex DNA-DSBs apparent only in the low-dose parameter (alpha) and not at high doses (beta)? Therefore, the present study does not support the concept of underlying dose-squared dependence. Extending this question further raises another: whether sublethal damage exists? This is because dose-squared dependence corresponds to interaction of two sublesions caused by two tracks of ionizing radiation [38] . The second question was also raised by Goodhead as early as 1985, and would be answered by using a RS model [19] . In fact, a treatment with cyclophosphamide (a protein synthesis inhibitor) after an initial photon dose reduces the initial shoulder of survival curves and suppresses subsequent second-dose survivals of CHO cells [39] . This supports, at least, the view that DNA-DSB repair proteins are required for sublethal damage to be detected. The LQ assumes binary misrepair to be responsible for the beta term, but it does not explicitly take account of the repair processes or allow for dose dependency of available proteins. Figure 3 shows similarity of curve fitting between the LQ and RS models. However, there are major differences between the models in interpretation and consequences of their parameters. Consider, for example, two survival curves that have substantial real differences, even though for similar LET (as can be seen in Fig. 3 ), the differences being predominantly in the initial slopes: for the LQ model fits, this difference is expressed almost entirely by the alpha parameters (i.e. initial slope parameter), while for the RS model it is shared between the damage complexity (a) and repairability (r) parameters since the initial slope is a function of both, as has been pointed out by Goodhead [19] . For the RS model, the RBE is determined more equally by both the parameters and so neither one alone correlates strongly with the RBE. Accordingly, Fig. 5 shows the variability of alpha is smaller than that of a. This is mostly due to the strong role played by the initial slope in all the high-LET survival curves; in the LQ model the initial slope is defined by alpha alone, whereas in the RS model the initial slope depends on both parameters (a and r).
As any SOBP of charged-particle radiotherapy inevitably consists of mixed LET, the way damage complexity is handled by the RS model will vary. Further understanding of this model will require collaboration of mathematics and biology for its future advancement.
